Introduction
The fi eld of microfl uidics has rapidly emerged and been implemented in an array of applications, such as molecular analysis, biodefense, molecular biology, and microelectronics. [ 1, 2 ] Microvalves that control routing, timing, and separation of fl uids form the foundation of many different microfl uidic systems, and are crucial for designs with complex functionality. [ 3 ] Some early microvalves deployed electrokinetic actuation to displace fl uids from one channel to another. [4] [5] [6] [7] The mechanism of electrokinetic microvalves is simple, but those valves demand a dielectric substrate, which is strongly infl uenced by the ionic composition of the fl uid, high-voltage sources and switches, and a continuous buffer fl ow to enable valve functions. [ 3 ] The next generation microvalves, such as the Quake microvalves and plunger microvalves, are able to avoid cumbersome, highvoltage sources and switches, but these microvalves generally rely on the defl ection of a poly(dimethylsiloxane) (PDMS) membrane to interrupt fl ow. [8] [9] [10] [11] [12] Due to the integration of the control channel within the microfl uidics channel on the same PDMS chip, [ 13, 14 ] the device structures and fabrication can be complicated. [ 12, 15 ] Lateral-defl ection membrane microvalves simplify the fabrication, but impose an intrinsic undesirable adhesive force on a fl uid droplet. [40] [41] [42] [43] [44] The nanoscale dendritic fi laments modulate the interface topography on the channel bottom and enhance the roughness to interrupt fl ow in a similar manner, which creates a functional nanovalve.
This valving principle originates from the petal effect, however, our approach to this fascinating natural phenomenon goes well beyond previous research on droplet control on surfaces. Such research mainly studied the liquid-solid interface of petal structures, which provides an adhesive force to pin a water droplet onto the solid surface. [39] [40] [41] [42] [43] At the liquid-air interface, surface tension keeps the droplet shape intact rather than allowing it to collapse. As a result, the droplet can adhere to the solid surface without sliding or rolling. On the other hand, our study tackles the bulk fl uid fl ow in microfl uidic channels. The bulk fl ow is pinned by the adhesive force from the channel bottom where the liquid-solid interface forms, which clearly differentiates our study from existing work that incorporates a liquid-air interface of the droplet exposed to the air. In the case of microfl uidic fl ow, the attractive force between liquid molecules and the cohesive force between solid surface and liquid molecules dominate the fl ow characteristics. [ 45 ] When the fl uid molecules adjacent to the channel bottom pause, the molecules inside the bulk microfl uidic also pause accordingly due to the attractive intermolecular force. [ 46 ] From the macroscopic viewpoint, the dynamic viscosity of microfl uidic fl ow is dramatically high, which impedes sliding between adjacent laminar fl ow layers occurring at signifi cantly low Reynolds number. [ 47, 48 ] This is a unique mechanical property of microfl uidic fl ow which does not occur in larger channels as the viscous force will fail to hinder the movement of the bulk in these.
This operating mechanism controls the microfl uidic fl ow through exertion on the interface of the fl ow rather than the whole bulk of the fl ow. Instead of the cumbersome pneumatic elements and air tubing, the nanoscale valve is actuated by a low DC voltage (≤6 V), allowing the external unit to be a simplifi ed standard DC power supply. Unlike the pneumatically actuated device, where the air may penetrate through the thin PDMS membrane and dissolve into the biological/chemical samples in the channel, the nanoscale valve is free from such contamination. The valving mechanism relies on the control of hydrophobicity of nanoscale fi laments, thus the valve can be used in much smaller fl uidic channels, i.e., nanofl uidic systems, without signifi cant compromise of performance. The uniqueness of valve, pneumatic source free operation, may be attractive in applications where portability/integrability prevail.
Results and Discussion

Dendritic Silver Filaments Actuated by a Low DC Voltage
The nanoscale roughness manipulation was enabled by growing and retracting the dendritic silver fi laments on chalcogenide solid electrolyte surfaces on the bottom of the microfl uidic channel. [ 49, 50 ] As shown in Figure 1 a, when a positive DC voltage was applied across the silver (anode) and nickel (cathode) electrodes, respectively, the silver atoms in the silver electrode lost their electrons and became positive ions. These positive ions and the ions in the solid electrolyte were driven forward until they encountered the electrons provided by the nickel cathode. As a result, silver ions changed into atoms and accumulated from the nickel electrode tip toward the silver tip. The optical profi lometry and scanning electron microscope (SEM) images show the morphology and surface roughness of the dendritic silver fi laments (Figure 1 b,c) . The height and width of individual fi laments were in the range of 10-300 nm and from 100 nm to 5 μm, respectively. When the polarity of applied voltage was reversed, the silver electrode then functioned as the cathode, while the nickel became the anode. The silver atoms in the fi laments returned to their ionic state as they became oxidized at the nickel electrode, and the silver ions dissolved back into the chalcogenide fi lm. The fi laments appeared to retract along the original path from the silver tip back to the nickel tip. This growth-retraction process was illustrated by a series of optical images (Figure 1 d) . The nanovalve was on the bottom glass substrate (75 × 38 × 1 mm 3 ) which was bonded to the top PDMS enclosure having a microfl uidic channel (width: 100-250 μm, depth: 25-30 μm), as shown in Figure 1 e.
A power supply, providing up to 6 V DC, was the only component used to control the growth/retraction of the fi laments. Other supplying schemes had been attempted to optimize the growth/retraction characteristics. Pulse-width modulation (PWM) is commonly employed for electroplating to form a conformal thin metal fi lm on the substrate. Figure 2 a shows fi laments generated by DC and PWM of different duty cycles (80% and 50%). As the duty cycle decreased, fi laments became more dispersive and narrow because the growth of the fi laments relied on drift-diffusion process. The drift force from the electric fi eld drove the fi laments to grow straight. When PWM voltage was supplied, diffusion dominated to form more random fi lament shapes which tended to spread across the whole chalcogenide surface. In addition, at 80% duty cycle, the fi laments did not necessarily originate from the nickel tip but rather in many locations along the side of the cathode. The total number of silver ions to be consumed remained constant, yet the amount of ions forming the main path from the nickel tip decreased substantially. Therefore, to facilitate rapid and directional fi lament growth, a constant DC supply was preferred. Figure 2 b shows the growth rate as a function of applied DC voltage. The growth rate increased exponentially as the applied DC voltage increased, which matched well with the simulation. The simulation signifi ed by red round dots used the kinetic Monte Carlo drift-diffusion model. The simulated dots showed fi nite fl uctuations due to the random walk of the silver ions caused by diffusion and Brownian motion. Experiments represented by blue square dots were repeated four times at each voltage level. 6 V approached the upper limit of operation, as higher voltages might destroy both the chalcogenide fi lm and the electrodes via Joule heating. The current profi les of the growth and retraction of the silver nanofi laments are shown in Figure S2 (Supporting Information).
Roughness Control to Manipulate Adhesive Force on Fluid
A lotus surface is diffi cult to be wetted, because it is energetically favorable for water not to fi ll the valleys of the surface topography. [40] [41] [42] The air pocket, the air confi ned in these valleys, impedes the adhesion of water. [ 40, 41 ] This composite situation falls into the Cassie regime, [ 43, 44 ] and the equation describing this heterogeneous wetting is
where θ is the static contact angle (CA) for a rough surface, θ 0 is the static CA for a smooth surface, R f is a roughness factor defi ned as a ratio of solid-liquid area to its projection on a fl at plane, and f LA is the fractional fl at geometrical area of the liquid-air interface under the droplet. The silver fi laments grew up when the water fl owed over them; thereby, we can assume f LA is negligible when the rough valleys of the surface topography are completely fi lled with water. As a result, Wenzel's equation applies
In Wenzel's regime, the surface is homogeneous which means no air pockets exist and the water has the best chance to adhere on the solid surface.
It should be noted that θ increases as the roughness, R f , increases, provided θ 0 > 90°. When θ 0 < 90°, θ monotonically decreases where the roughness, R f , negatively contributes to the contact angle and surface hydrophobicity. Thus, the surface material, silver, must be hydrophobic ( θ 0 > 90°), even when it does not form rough morphology. This is a prerequisite for Wenzel's equation adopted for our case. However, a high CA does not by itself guarantee that the surface is able to pin the liquid, because the adhesive force is primarily attributed to contact angle hysteresis (CAH). In the Cassie regime, CAH is calculated using the following equation [ 41 ] θ θ θ θ ( ) (
Where θ a 0 and θ r 0 are advancing and receding angles for a smooth surface, θ adv and θ rec are advancing and receding angles for a rough surface.
For the same reason, we can presume f LA equals to 0, therefore cos cos cos cos 0 0
The CA and CAH (listed in Table 1 ) were measured on a smooth silver surface, and used to estimate the CA and CAH on rough surfaces using Equations ( 2) and ( 4) . The roughness promotes CA and CAH of hydrophobic surface, yet lowers CA and moderately improves CAH of hydrophilic surface. This analytical model suggests that the surface roughness promotes the adhesive force on the liquid molecules provided the interface material possesses inherent hydrophobicity.
In order to evaluate the effectiveness of hydrophobicity and roughness of the nanoscale fi laments, four surfaces were prepared with different materials: silver-doped chalcogenide, silver, Parylene, and silicon dioxide. Static contact angles, advancing angles, and receding angles were measured by a ramé-hart goniometer, listed in Table 1 . Silver and Parylene were hydrophobic (93° ± 1 and 90° ± 1) whereas chalcogenide (69° ± 1) and silicon dioxide (44° ± 1) were both hydrophilic ( Figure S3a , Supporting Information), while none of them had a high CAH (<54°). Similar attempts were reported in some early works, but these works were preliminary and lack complete and comprehensive explanations. [ 51, 52 ] When nanoscale fi laments grew, they resided under a thin, 200 nm thick, Parylene fi lm (Figure 3 b) . The Parylene fi lm surface was scanned using a stylus profi lometer, as shown in Figure 3 c. The fi laments were covered underneath the Parylene, and their topography was projected through the Parylene layer to generate signifi cant roughness features above the Parylene surface. The maximum height of the protruded nanoscale features was measured to be ≈400 nm. The roughness of protruded nanoscale fi laments was independent of the patch materials on top of the silver fi laments. The roughness factors, R f , on these three surfaces, Parylene, silicon dioxide, and chalcogenide, were estimated as 1.19, 1.96, and 1.54, respectively. No signifi cant variation in roughness was observed among these samples.
However, not all of the patching materials allowed the nanovalves to manipulate the fl uid fl ow. The valves without any patch and with Parylene patch could stop the fl uid fl ow, yet the valve with silicon dioxide patch failed to stop the fl ow regardless of how rough the protruded fi laments were. Therefore, hydrophobicity was a critical feature for the fl uid control Figure 2 . Control of dendritic silver fi lament growth. a) Filaments generated by DC bias and pulse width modulation (PWM) with different duty cycles. As the duty cycle decreases, fi laments become more dispersive and narrow; when the electric fi eld is not continuously applied, diffusion dominates to form more random fi lament shapes which tend to spread across the whole solid electrolyte surface. b) Filament growth rate as a function of applied DC voltage. For a given distance (from nickel tip to silver tip, 500 µm), the growth rate increases exponentially as the applied DC voltage increases. The red round dots depict simulated growth, while the blue square dots are measured results repeated four times at each voltage level. The simulation results show small fl uctuations due to the random walk of the silver ions caused by diffusion.
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wileyonlinelibrary.com as supported by our preceding theoretical analyses. Although, simply possessing a hydrophobic surface did not yield the successful fl uid manipulation either. Without the growth of fi laments, the Parylene patched nanovalve was not able to stop the fl ow. This unrestricted fl ow resulted from the fact that the hydrophobic surface by itself could not provide a high CAH without substantial roughness. In other words, the adhesive force was too weak to hinder the fl uid fl ow, regardless of the CA. In order to demonstrate the adhesive enhancement delivered by the roughness, the CA and CAH on the smooth/rough silver surfaces were measured using the add/remove volume method, as shown in Figure S3b (Supporting Information).
To emulate the impact of the roughness, carbon nanotubes, having length of 5-15 μm and diameter of 60-100 nm, were randomly dispersed on a smooth glass surface, and then a thin thermally evaporated silver fi lm (100 nm) was deposited to cover the surface. The roughness factor of the surface was estimated as 1.2. As listed in Table 1 , the CAH on the rough silver surface was 20° larger than that on the smooth silver surface, suggesting the roughness on hydrophobic surfaces impacted on the adhesive force to stop the fl uid fl ow. This strongly suggested both the hydrophobicity of the interface and the roughness caused by fi laments contributed to manipulate the fl uid fl ow.
Adv. Mater. Interfaces 2016, 3, 1600186 www.advmatinterfaces.de www.MaterialsViews.com Figure 3 . Characterization of the valving region. a) The impact of roughness on contact angle (CA) and contact angle hysteresis (CAH) of a silver surface (solid line) and a silicon dioxide surface (dashed line) in simulation. θ is CA, and (cos θ rec − cos θ adv ) represents CAH. The roughness promotes CA and CAH of a hydrophobic silver surface but lowers CA and moderately increases CAH of a hydrophilic silicon dioxide surface. b) The visualization of nanoscale fi laments under a 200 nm thick Parylene fi lm via an optical microscope. c) The topography profi les of the surfaces of Parylene, silicon dioxide, and chalcogenide solid electrolyte, from the top down, using a stylus profi lometer. The fi laments are covered by the thin fi lms and their topography is projected through the fi lms to generate signifi cant roughness features above the surfaces. The roughness of the protruding fi laments is independent of the materials which cover them.
The roughness of nanoscale dendritic silver fi laments effectively enhances CA and CAH to manipulate the fl uid fl ow in a microfl uidic channel, yet may allow diffusion of silver ions into the fl uid samples and contaminate the samples. The thin Parylene fi lm physically isolates the rough fi laments from the samples. The effl uents of nanovalves with and without Parylene patch are collected and analyzed by the inductive coupled plasma optical emission spectrometer (ICP-OES, Themo iCAP6300) at the emission wavelength of 238 nm. The silver concentrations of nanovalves with and without Parylene patch show undetectable readings and 6.4 ppb, respectively.
Nanoscale Filaments Regulating a Fluid Flow in a Microfl uidic Channel
Figure 4 a shows the setup to evaluate the effectiveness of nanovalve in a microfl uidic channel. The setup was calibrated fi rst via a series of known fl ow rates generated by the syringe pump and fl ow rate sensor ( Figure S4 , Supporting Information). The fl ow rate measured at the outlet of the fl uidic setup responded immediately after the input fl ow rate changed, yet it took almost 60 s to stabilize the measurement to where the input was set. This delay was believed from the impedance associated with the microfl uidic tubing. For a fi rst-order system, its normalized unforced response could be described as y ( t )/ y (0) = e − t / τ , which estimated the time constant around 15 s.
The series of on/off valve operation and the corresponding measured fl ow rate are shown in Figure 4 b. When 6 V DC was applied (positive on silver and negative on nickel), the dendritic silver fi laments grew out from the nickel tip, and then traversed the 250 μm wide microfl uidic channel in 25 s. The fi laments continued to grow toward the anode and reached the silver tip in around 5 s. At this moment, the voltage supply was turned off to prevent high current fl ow and consequent damage to the electrodes. As soon as the fi laments traversed the channel, the fl ow rate underwent an intense oscillation, and fi nally settled down to zero in 15 s, demonstrating that fl ow through the channel was shut off by the nanovalve. The 15 s response time was verifi ed by the calibration of the fl uidic setup. Since the fi laments were nonvolatile, no static power was required to retain the on/off states of the valve. Next, −6 V DC was applied to reopen the valve. A 10 kΩ resistor was connected in series to limit current. The fi laments retracted from the silver tip across the 250 μm wide channel in 30 s, and ultimately vanished near the nickel tip in another 30 s. Thus in the last 30 s, the retraction process had little impact on the fl ow. The fl ow rate started to increase in 20 s, 10 s before the fi laments fully retracted out of the channel. The measured fl ow rate showed intense oscillations in the beginning, and settled down back to the steady state fl ow in 15 s. This rather lengthy time constants can be reduced by effective focusing of the electric fi eld or improving the mobility of the metal in the electrolyte which forms the nanofi laments. The growth and retraction rates are a function of electric fi eld. The electrodes are tapered to focus the electric Adv. Mater. Interfaces 2016, 3, 1600186 www.advmatinterfaces.de www.MaterialsViews.com (7 of 9) 1600186 wileyonlinelibrary.com fi eld to facilitate the growth of nanofi laments at the tip. However, several nanofi laments actually grew from the side of the tapered cathode (Figure 2 a) , especially at PWM inputs. This can be alleviated by passivating the unwanted growth nucleation sites by covering the tapered portion of the cathode by an inactive thin fi lm, allowing effective focusing of electric fi eld at the sharp tip of the cathode. Solid electrolyte materials, composition, and applied bias impact the mobility of the metal which makes-up the nanofi laments. The more chalcogen rich the electrolyte is, the lower the activation energy for drift/diffusion. Also, more chalcogen rich the electrolyte is, the more metal ions it can contain and so the ion current which feeds the fi lament growth can be greater. Finally, the ion mobility is voltage dependent and will increase with the magnitude of the applied bias. All of these factors can be used to enhance fi lament growth rate. In Figure 4 b, fl ow rate (blue curve) looks somewhat wiggling, not because the growth/retraction of nanofi laments are uncontrollable, but because of the temporal profi le of the opening and closing of the valve. The nanofi laments grow from the cathode to reach the anode and retract from the anode to the cathode. Therefore when the valve closes the channel, the fl ow rate spikes at the end of closing period whereas when the valve opens the channel, the fl ow rate spikes at the start of opening period.
We have attempted up to 30 μm in depth and up to 250 μm in width of the channel, which all successfully regulated the microfl uidic fl ow. However, the nanofi laments failed to regulate the fl ow in 50 μm depth channel. This is likely due to the lack of strong enough hydrophobicity control of such large bulk of fl uid, especially at the liquid located far from the nanofi lament surface. This challenge may be addressed by exploring the roughness enhancement on the nanofi laments. The roughness of nanofi laments is mainly a function of the material system; more Ge-rich Ag-Ge-Se solid electrolytes tend to result in taller and rougher fi laments. [ 49 ] Along with measurement of fl ow rate, the fl ow was visualized simultaneously through monitoring of microspheres, diameters of 5 μm, inside the fl uid, as shown in Figure 4 c. The microspheres moved rapidly, about 1 mm s −1 , inside the microfl uidic channel. As the fl ow rate decreased by activating the nanovalve via growth of fi laments, the movement of microspheres also decreased. When the nanovalve traversed and shut off the channel, the spheres fl oated in the channel. Once the nanovalve reopened the channel and the fl ow resumed, the microspheres simultaneously started to stream along the channel again. The channel was divided into four regions along its width. Region 1 was adjacent to the nickel electrode, while region 4 was adjacent to the silver electrode, as shown in Figure 4 c. The number of microspheres in individual regions was counted in different phases, as shown in Figure 4 d, corresponding to the phases shown in Figure 4 b.
The microspheres preferred specifi c regions, and the number of microspheres in each region was dependent on the growth and retraction of the nanovalve operations. It was not surprising that regions 1 and 4 had fewer and slower microspheres than regions 2 and 3 as the pressure-driven fl ow in a microfl uidic channel resulted in convex profi le. However, region 1 had fewer and slower microspheres than region 4 when the valve was in the process of opening and closing. The trend was apparent in the period of reopening the channel. This trend matched the presence of partial fi laments. The region where the fi laments existed had fewer and slower microspheres than the region where the fi laments retracted or did not yet reach. The behaviors of the microspheres refl ected the fl ow rate of the liquid fl ow, so this observation was consistent with the fi lament growth-induced hydrodynamic changes. The spatial regional variation in fl ow rate could be explained by regionally diverse roughness, which impacted the movement of the microspheres in different regions.
Conclusion
In summary, this work employed the electrodeposition of metal with nanoscale roughness on the surface of a solid electrolyte to modulate fl uid fl ow in a microfl uidic channel. The operating principle mimiced the transition from the lotus effect to petal effect by inducing nanoscale roughness of the silver fi laments. Dynamic changes on both CA and CAH via nanoscale roughness impacted the manipulation of fl uid fl ow in 25 μm tall microfl uidic channel. The nanovalve was evaluated by fl ow rate measurements and fl ow visualization by suspended microspheres in the fl uid.
Experimental Section
CA and CAH Measurements : Static CA, advancing angles, and receding angles were all measured by a ramé-hart goniometer. Deionized (DI) water droplets of 8 µL were gently dispensed on the surfaces using a microsyringe. Advancing and receding angles were measured using the add/remove volume method. The DI water was stepped (2 µL per step) out from the microsyringe to increase the volume of the droplet until achieving the maximum CA which was the advancing angle. The same droplet was stepped (2 µL per step) in to retract back to the microsyringe until achieving the minimum CA which was the receding angle.
Diffusion of Silver Ions from Nanomorphology Filaments : The effl uents of nanovalves with and without Parylene patch were collected from the outlet of the microfl uidic channel, and separately analyzed by the ICP-OES (Themo iCAP6300) at the emission wavelength of 238 nm. The spectrometer was calibrated using ionic silver solutions with the concentrations of 1, 10, 100, and 1000 ppb. 1 ppb was found to be the detection limit of the spectrometer. The silver concentrations of nanovalves with and without Parylene patch showed 6.4 ppb and undetectable readings, respectively.
Fabrication of Solid-State Nanoscale Valve : Figure S1 (Supporting Information) showed the step by step fabrication process of the valve on the glass substrate. 120 nm chalcogenide (Ge 30 Se 70 ) and 30 nm silver fi lms were successively deposited on the isopropyl alcohol-cleaned substrate by a thermal evaporator. After that, the substrate was exposed to UV light (2.3 mW cm −2 ) for 20 min. This exposure allowed the silver fi lm to be completely photodoped into the chalcogenide fi lm, forming the solid electrolyte. The total thickness of the fi nal fi lm was ≈140 nm; additionally, chalcogenide pads were patterned using lift-off. On the top of the pads, nickel and silver electrodes (80 nm) were deposited in sequence by sputtering and thermal evaporation, respectively. The electrodes were also patterned via lift-off. Both electrodes had tips facing each other in order to generate a stronger and more directional electric fi eld which could accelerate the fi lament growth across the microfl uidic channel. The pad had a narrow neck between the two electrode tips, which was also designed to confi ne the electric fi eld and guide the growth of the fi laments. A Parylene patch (200 nm) that was deposited www.advmatinterfaces.de www.MaterialsViews.com by standard monomer gas deposition in vacuum and then patterned through reactive-ion etching, was applied to cover the solid electrolyte pad neck where the fl uid passed over. Considering the potential biological application, the Parylene patch could isolate the biosample in the microfl uidic channel from the contamination of silver or silver ions. For the PDMS channel enclosure, a silicon wafer master was patterned through deep reactive-ion etching to create the inverse topography of the microfl uidic channel (100-250 µm width × 25-30 µm depth). The PDMS Sylgard 184 monomer was mixed with curing agent (Dow Corning Corp.) and degassed in vacuum, and then poured onto the master. After 2 h of baking on a hotplate at 120 °C, the solidifi ed PDMS became unmolded. Two holes, the inlet and outlet, were drilled at each end of the microfl uidic channel. The PDMS chip was exposed to an oxygen plasma cleaner at 200 W for 1 min so as to activate the PDMS surface to be hydrophilic, which afforded strong bonding with the bottom substrate. Distilled water was driven into the microfl uidic channel to fi ll the channel immediately after the bonding. The distilled water fl owed past the two electrode tips.
Preparation of Four Surfaces to Evaluate Hydrophobicity and Roughness : Four surfaces were prepared to evaluate the effectiveness of hydrophobicity and roughness of the nanoscale fi laments. Chalcogenide and silver were deposited by thermal evaporation, Parylene by standard monomer gas deposition in vacuum, and silicon dioxide by e-beam evaporation.
Experimental Setup : The experimental verifi cations of nanovalve were implemented in the standard PDMS-enclosed microfl uidic channel. A syringe pump (Harvard Apparatus PHD 2000) drove a glass syringe to inject distilled water into the inlet of a microfl uidic channel. The image of the fl ow channel was magnifi ed 100 times by the optical microscope (Nikon Eclipse TE2000-U), and displayed simultaneously on a PC using Micro-Manager software (Vale Lab, UCSF). A fl ow rate sensor (Honeywell X119117-AW) measured the fl ow rate at the outlet of microfl uidic channel. The fl ow rate was continuously collected by a data acquisition system, DAQmx (NI USB-6216). To further visualize the fl uid fl ow, microspheres (average diameter of 5 µm, 1% solids, Phosphorex, Inc.), diluted 50 times to 3000 per µL, were added in distilled water.
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